Fatigue behavior of a two-pass, double-sided, friction stir welded joint was studied to get a basic understanding on the local fatigue crack propagation (FCP) behaviors of the different zones within the weld. The fatigue crack propagation tests were carried out on center notched specimens with initial notch positions in the different weld regions and longitudinal to the weld direction. The experimental results demonstrated that the microstructure, as dictated by the thermomechanical history, may play an important role in the fatigue crack propagation within the two-pass friction stir welded joint. The FCP rates were found to be higher in the weld affected zones than in the base metal. Within the weld zones, the heat affected zone and the fine-grained double stirred zone (DSZ) had the highest propagation rates. The effect of the second pass was found to be minimal on the fatigue behavior of the areas outside the stirred zones; however, in the DSZ where the two weld passes overlap, the FCP rates were higher than in the single stirred zones. Furthermore, within the heat affected zones the FCP rates were higher on the retreating side than on the advancing sides of both welds indicating sensitive of the FCP to the tool rotation direction.
Introduction
Friction stir welding (FSW) is a relatively new solid-state joining technology that is getting wide applications for welding a number of materials which were difficult to weld by the conventional fusion techniques (Mishra and Mahoney, 2007) . In FSW, a non-consumable tool, inserted under pressure between the abutting surfaces to be joined, heats and plasticizes the surrounding metal thereby facilitating the welding. This severe thermo-mechanical treatment results in a weld zone possessing various microstructural features and mechanical properties. The sizes and distributions of the microstructural regions depend on the workpiece properties, tool geometry and welding parameters. The dimensions of the tool in FSW are generally designed to suit the thickness of the workpieces such that the joint can be fabricated in a single pass (Guerra, et al., 2003) . The directly proportional relationship between the tool size, workpiece thickness and width of the stirred zone (SZ) would result in an undesirably wide affected area in the FSW of thick plates (Mishra and Mahoney, 2007) . Conversely, double sided FSW, producing a double-V shaped weld profile, can enable the use of smaller tools to weld thick plates (Thomas, 1998) . Thomas et al. successfully friction stir welded (FSWed) 75mm thick plates using the double-sided, two-pass FSW and reported that the process tolerance and narrower distorted area produced in the double-sided FSW joints make the approach favorable for joining of components for critical applications (Thomas, 1998; Mishra and Mahoney, 2007) . However, there are only a few reports available in the open sources on the properties of multi-pass FSWed joints (Brown et al., 2009; Leal and Loureiro, 2008; Lee et al., 2008) . Leal et al. (2008) and Lee et al. (2008) reported a decrease in the hardness and tensile strength after multi-pass FSW of heat treatable aluminum alloys. In their work on multi-pass FSWed 7050-T7451, Brown et al. (2009) discussed the drop in peak longitudinal residual stress by relating it to the decrease in tensile strength. Nonetheless, the limited amount of work carried on the multi-pass FSW has led to scarce literature on the fatigue behavior of multi-processed and double-sided FSWed joints.
In this study, the effect of microstructure gradation and variation of local properties on the fatigue behavior of a double-sided FSWed AA6063-T5 alloy is investigated.
Experimental Procedure

Materials and Friction Stir Welding
The AA6063 alloy used in this work was in the T5 temper state with chemical composition as shown in Table 1 . Welding of the 15mm thick AA6063-T5 plates was carried out in two weld passes from both surfaces of the plates in a butt joint configuration. A tool with a shoulder diameter of 20mm and tool pin length and diameter of 8mm was employed for both weld passes. The work-piece was overturned about the weld center-line (WCL) after the first weld pass and the second pass weld was then fabricated in the same welding direction resulting in an asymmetrical weld cross section, Fig. 1 , where the welding direction was maintained longitudinal to the direction of extrusion of the plates. The tool rotation and transverse speeds were kept at 1800rpm and 600mm/min respectively for both passes and the tool axis was tilted by 3° with respect to the vertical axis. The cross section of the weld area, perpendicular to the weld direction was analyzed using optical microscopy after metallographic preparation and etching in Kroll's reagent. The grain size was estimated using the linear intercept method.
Hardness and Tensile Tests
The hardness distribution and tensile properties were investigated through micro-indentation hardness tests and traction tensile tests respectively. To characterize the hardness distribution along the weld width and thickness, multiple indentations were made on the weld cross section along three lines, 2mm from either surface and along the mid-thickness, using a Vickers indenter under a 200g force for 5seconds.
The conventional macro-tensile strength of the joint was investigated on pin-loaded specimens with gage lengths and thicknesses of 60mm and 5mm respectively. The specimens were extracted transverse to the weld direction at different depths across the weld thickness, coincident with the locations of hardness measurement ( Fig. 2(a) ). The local yield strength of the weld zones and base metal were then investigated through miniature specimens precisely extracted by electro-discharge machining (EDM) parallel to the weld direction; Figs. 2(a) and 2(b). Retreating Side (RS) Fig. 2 Extraction of the two types of specimens used for the tensile tests; the conventional macro-specimens with their main axis perpendicular to the weld direction and the miniature, 1mm thick, specimens parallel to the weld direction. The dimensions of the miniature specimens are given in (b), all dimensions in mm.
Fatigue tests
Fatigue crack propagation (FCP) rates, were obtained using center notched specimens with the initial notch in the longitudinal direction, parallel to the weld direction, Fig. 3 . The positions of the initial notches relative to the weld zones are shown together with the nomenclature used for the specimens. Here, the prefixes 1 st and 2 nd are included for labelling the specimens extracted from the first pass side and second pass side whereas the suffixes AS and RS are used to distinguish between the advancing and retreating sides, respectively. For example, the 1 st HAZ-RS specimen has the initial notch on the retreating side (RS) of the heat affected zone (HAZ) of the first (1 st ) pass side, and the 2 nd TMAZ-AS is the specimen with an initial notch on the advancing side (AS) of the thermo-mechanically affected zone (TMAZ) of the second (2 nd ) pass weld. The FCP behavior of the double stirred zone (DSZ) in the mid-thickness area was also investigated using the specimens denoted as DSZ. The gage length, width, and thickness of the FCP test specimens used were 90mm, 30mm and 5mm, respectively. Initial notch length was 5mm with a radius of 0.1mm. The fatigue tests were conducted at room temperature in laboratory air using a Shimadzu servo-hydraulic testing machine at a load ratio, R, of 0.1 and a load frequency of 25Hz. During the test, the crack length was monitored on both sides of Conventional, pin-loaded macrotraction tensile test specimen the specimen through a digital travelling microscope. The experiments were done under the so-called ΔK decreasing method in a load control mode. Where the ΔK was computed as (ASTM E 647, 2003) :
where ΔP, B, W and a are; the load range, specimen thickness, specimen width and the half crack length respectively. The step-wise ΔK decreasing test was carried out so that the normalized K-gradient, C, was less than -0.2mm -1 , where C is defined as (ASTM E 647, 2003) :
3. Results
Microstructural Gradation
The double-sided two-pass welds showed no porosity and/or defects through the weld thickness. From the micrographs presented in Fig. 4 , the SZ area was observed to consist of grains markedly refined from the BM grain size of 80μm to 20μm. The grain size in the mid-thickness area, the DSZ, was observed to be made up of a finer microstructure, averaging 13μm, than that observed in the single-stirred zones. This is most likely due to the dual recrystallization upon re-stirring combined with lower heat input near the tip of the tool that minimizes grain growth in the DSZ (Sutton et al., 2002) . The final grain size after double-stirring seems to be influenced not only by the peak welding temperature as has been previously suggested (Brown et al., 2009; Leal and Loureiro, 2008) , but also by the initial grain size where re-stirring the already recrystallized grains produces a further refined microstructure. The TMAZ and HAZ showed features typical of these regions in a FSWed joint; plastically upset, elongated fine grains and marginally coarsened grains respectively.
Hardness Distribution and Yield Strength
The hardness distribution shown in Fig. 5 for the three locations closely resembles the typical "W" shape synonymous with those of FSWs of heat treatable aluminum alloys by other researchers (Mishra and Mahoney, 2007) . Noteworthy, the "W" shape profile of the hardness in the mid-thickness area is narrower than those of the 1st pass and 2 nd pass sides due to the narrower welded area. The weld zone has consistently lower hardness than the base metal showing deterioration of this mechanical property due the thermo-mechanical processing. As shown in Fig. 5 , no significant differences were observed in the hardness values of the AS and RS but the hardness through weld thickness showed some small differences in the stirred zones; the DSZ had marginally lower hardness than the single stirred zones. The position of minimum hardness is located in the HAZ and subsequent discussions are made with references to precipitate evolution. In all macro-traction tensile tests using the conventional specimens, failure occurred within the HAZ whose 0.2% offset yield strength gave a joint efficiency of 68%. This yield strength based joint efficiency is comparable to that obtained in tests on single pass welds of the same alloy (Tra et al., 2012) . The results of the local yield strength tests are shown in Table 2 . Through these tests, the HAZ was confirmed to be the zone with the lowest local yield strength followed by the TMAZ, whereas the SZ had the highest local strength in the weld affected areas.
Fatigue crack propagation behavior
The results of the FCP tests on the center notched specimens, extracted as shown in Fig. 3 , are presented in Fig. 6 . For clarity, the plot in Fig. 6(a) shows the representative FCP rates for the different microstructural zones. The shown data provide a fair representation of the FCP behavior observed in the respective microstructural zone and weld pass side. The results show that the crack growth rates were sensitive to the location of the initial notch. In all cases the FCP rates in the weld zone were significantly higher than those in the BM and the highest FCP rates were generally in the HAZ and the DSZ. A comparison of the FCP rates within the HAZ, Fig. 6(b) , shows higher sensitivity of the FCP rate to the tool rotation direction than the weld pass where higher rates were recorded on the retreating sides of both passes. This trend was similar to that obtained in previous work on a single pass FSW of the same alloy (Tra et al., 2012) . The FCP rates in the TMAZs showed less scatter with marginal differences on the different sides. It is also notable that the FCP rates in the 1 st SZ and the 2 nd SZ fall within the same scatter band as the TMAZ, both being higher than the BM but lower than HAZ, Fig. 6(a) . However, the double stirred mid-thickness area (DSZ) showed FCP rates close to those of the HAZ which were significantly higher than those of the single stirred zones.
Discussion
As indicated in Chapter 3, the local fatigue crack propagation resistance in the FSWed area is closely related to the microstructure and the local mechanical properties; in this chapter, further discussions of these correlations are presented. Muzvidziwa, Okazaki, Yamagishi and Seino, Mechanical Engineering Journal, Vol.1, No.6 (2014) [DOI: 10.1299/mej.2014smm0057] © 2014 The Japan Society of Mechanical Engineers
Hardness and local strength
The hardness profile shown in Fig. 5 is consistent with the postulation that the hardness in heat-treatable aluminum alloys depends on precipitate size and distribution (Mishra and Mahoney, 2007; Sutton et al., 2002) . The heat dissipated into the HAZ is insufficient to cause dissolution of the precipitates but enough to promote growth of the stable precipitates (Sato et al., 1999; Chen et al., 2009 ). This over-aging of the microstructure, formation of large precipitates which are incoherent with the matrix and each other, results in the loss in hardness. However, the heat input in the SZ and the TMAZ is sufficient to facilitate dissolution of the precipitates. Some of the hardening needle-shaped precipitates are retained in the TMAZ thereby resulting in higher hardness than in the HAZ (Sato et al., 1999) . Within the SZ, the absence of strength enhancing precipitates and the relatively high hardness have led to the postulation that the hardness in the SZ is reliant on the fine microstructure (Murr et al., 1998 , Sato et al., 1999 , Lee et al., 2008 . Nonetheless, the hardness of the DSZ, having the smallest grain size is marginally lower than that of the single stirred zones. This could indicate further precipitate dissolution during the second pass in the DSZ. Lee et al. reported this continued decrease in the remnant precipitate density upon double stirring of an Al-Cu alloy (Lee et al., 2008) .
In the local tensile tests carried out using the miniature specimens, the variation of yield strength on the local microstructure was observed as shown in Table 2 . The yield strength obtained through the conventional testing of the joint strength in the transverse direction closely approximates the local strength of the lowest strength zone within the weld, the HAZ. Additionally, the use of the miniature specimens enabled evaluation of the yield strengths of the thermo-mechanically affected areas, the SZ and the TMAZ. A linear relationship between the local hardness and the local yield strength can be construed from the results hence the distribution of the yield strength in the welded area can be attributed to the microstructural evolution as articulated for hardness.
Local fatigue crack propagation
The fatigue crack propagation test results, Fig. 6(a) , indicate that the thermo-mechanical process of FSW deteriorates the fatigue crack propagation resistance of the material to different extends depending on the distance from the tool axis. It is known that the FCP in welded materials can be influenced by a number of factors, mainly those emanating from the thermal history. For aluminum alloys, the precipitate size and their coherency have been mentioned as the dominant factors (Jata et al., 2000) . The high FCP rates in the HAZ have therefore generally been attributed to the incoherent precipitates observed in the over-aged microstructure in this zone (Krishnan, 2002) . As presented in Fig. 6(b) , the FCP rates on the RS of the HAZ were higher than on the AS for specimens extracted from both the 1 st pass side and the 2 nd pass side. Considering that insignificant mechanical deformation of the material occurs in the HAZ, the difference in behavior can thus be attributed to the thermal history. Temperature measurements in the HAZ during FSW of the same alloy indicated higher peak temperatures on the AS than on the RS (Tra et al., 2012) . It can therefore be construed that the differences in FCP rates between the AS and RS in the HAZ was due to the reported differences in peak temperatures which would result in inherent microstructural differences. Also noteworthy from the work by Tra et al. is that the magnitude of the residual stress was not high, and had an insignificant effect on the FCP rate (Tra et al., 2012) . Based on the above discussion and both the hardness profile and the macrostructure, the areas affected by the heat from both passes must be as shown in the schematic in Fig. 7 . This projection indicates that the HAZs of the two weld passes only interact in the mid-thickness area (iv), and thus the areas with the initial notch positions of the HAZ specimens were affected by heat from only one weld pass, just like in the conventional one-pass welds. This would then explain the similarity in the FCP behavior of the 1 st pass and 2 nd pass HAZ specimens shown in Fig. 6 (a).
Fractography
As illustrated in Fig. 4 , both the DSZ and the single stirred zones (1 st SZ and 2 nd SZ) are comprised of recrystallized microstructures where the differences in the precipitate distribution should be insignificant. The differences between the FCP rates of the DSZ and the SZ, Fig. 6 (a), could therefore be related to the differences in grain size. With regards to the grain size, it has been proposed that smaller grain size reduces localized strains along slip bands thereby decreasing the amount of irreversible slip (Lee, 2008; Watanabe and Tsurekawa, 1999) . This would, contrary to the results, imply lower FCP rates in the finer-grained DSZ. To account for these differences in the FCP rates, fractography was carried out. Fracture surfaces of the center notched specimens were observed using the SEM. As given in Fig. 8 , it was found that the FCP in the BM and HAZ was associated with transgranular mode, Figs. 8(a) and 8(b). Considering the similarities in the failure mechanisms, the higher FCP rates in the HAZ might be related to the over-aged microstructure as discussed in 4.2. On the contrary, the fracture surfaces in the SZ show predominantly intergranular crack propagation mode, Figs. 8(c) and 8(d). This fracture mechanism overrides the mechanisms of slip thereby eliminating the benefits of fine microstructure and coherent precipitates on fatigue crack propagation (Gavras et al., 2010, Koul and Immarige, 1989) . In intergranular crack growth, larger grain sizes can cause higher crack path tortuosity which lowers FCP rates hence the higher FCP rate in the SZs than in the finer-grained DSZ. These results may therefore indicate that small grain sizes produced through recrystallization in FSW may not give the desired resistance to FCP. As suggested from these fractographs, it is sure that the microstructure plays an important role in the fatigue crack propagation behavior of 2-pass FSWed joints. Fig. 7 Schematic illustration of the SZs and the HAZs based on the macrograph in Fig. 4 and the hardness distribution in Fig. 5 . Besides the DSZ, heat from both passes only affects a small area in the mid-thickness area hence the properties in the other areas could resemble those of a conventional single pass. Muzvidziwa, Okazaki, Yamagishi and Seino, Mechanical Engineering Journal, Vol.1, No.6 (2014) [DOI: 10.1299/mej.2014smm0057] © 2014 The Japan Society of Mechanical Engineers
Conclusion
The fatigue properties of the 2-pass FSWed joint were characterized through metallurgical, monotonic and cyclic mechanical tests. The weld has significant microstructural gradation and inhomogeneous local tensile properties dictated by the extent of the local thermal hysteresis during welding. The fatigue behavior was sensitive to the microstructural region of propagation where the weld zones had higher FCP rates than the BM. Within the weld zones, the HAZ and the DSZ had the highest propagation rates. The 2 nd pass resulted in finer microstructure in the DSZ than in the SZ, which played a role in the FCP behaviors in these zones. However, the 2 nd pass did not significantly affect the fatigue behavior of the HAZ and the TMAZ due to the limited interaction between the HAZs produced by the double-sided two-pass weld. In addition, within the heat affected zones the FCP rates were higher on the retreating side than on the advancing sides of both welds indicating sensitivity of the FCP to the tool rotation direction. The effect of the grain size was predominant in the intergranular FCP in the stirred zones. Noteworthy, the finer microstructure in the DSZ resulted in higher FCP rates than in the single stirred zones. These results may therefore indicate that small grain sizes produced through recrystallization in multi-pass FSW may not give the desirable resistance to FCP. 
